In four experiments, subjects examined four categories of rotating eight-vertex geometric forms in parallel projection. Some of the figures appeared to deform, even though rigid three-dimensional interpretations were possible mathematically. Our results from several deformation-rating tasks indicated that most of the configurations maintained a rigid appearance throughout their rotations, although one category of stimuli appeared to deform more frequently than the others. Configurations from the category that contained a high proportion of stimuli that appeared to deform were also shown to be more difficult to discriminate from stimuli that had no rigid threedimensional interpretation (measured using a signal detection task). To account for these findings, a theory was formulated based on the use of monocular depth cues in the perception of shape. Static monocular depth cues we define as those which are present in non-moving stimuli and Dynamic monocular depth cues are those that are only present in moving stimuli. We conclude that static cues dominate the perception of shape when humans respond to parallel (and, most likely, polar) projections of rotating objects with rigid three-dimensional interpretations. Further, subjects cannot respond to the motion or acceleration profile of part of such a stimulus without responding to the figure as a whole.
INTRODUCTION
noted that two-dimensional shadow projections of rotating wire-frame stimuli typically produced perceptions of three-dimensional rigid objects undergoing rotation. This tendency to see a threedimensional shape when viewing two-dimensional motion patterns was termed the kinetic depth effect. Since that time, numerous empirical and computational investigations have been conducted in an attempt to outline the conditions that are necessary and sufficient for extracting structure from motion.
Psychophysicists tried to understand the conditions under which one adopts a rigid interpretation. Gibson examined the role of proje, ction perspective and noted the visual system's remarkable ability to extract rigid motion (Gibson & Gibson, 1957; von Fieandt & Gibson, 1959) . Johansson and colleagues (Jansson & Johansson, 1973; Jansson & Runeson, 1977; Johansson, 1964 Johansson, , 1975 concluded that observers adopt a hierarchy of percepts, where rigid rotary motion in depth is preferred over a two-dimensional stimulus deformation. A number of more recent studies have highlighted the fact that the visual system is quite adept at extracting a rigid representation, even in the presence of severe nonrigidity and visual noise (Cutting, 1987; Petersik, 1979 Petersik, , 1987 Todd, 1984 Todd, , 1985 . From a computational perspective, models were developed to derive (x, y, z) stimulus coordinates (i.e., shape) given the change in (x, y) with time (the deforming two-dimensional shadow). Since any two-dimensional projection can be represented by an infinite number of possible three-dimensional configurations, certain constraints must be established to arrive at a unique solution. One common constraint, the rigidity assumption (Ullman, 1977 (Ullman, , 1979 , states that "any set of elements undergoing a two-dimensional transformation which has a unique interpretation as a rigid body moving in space should be interpreted as such a body in motion" (Ullman, 1979, p. 146) . With this constraint, Ullman (1977 Ullman ( , 1979 determined that three views of four noncoplanar points in an apparent motion sequence are sufficient to yield a unique interpretation. Many investigators have used various formulations of the stimulus rigidity assumption in their models (e.g., Hoffman & Flinchbaugh, 1982; Huang & Lee, 1989 ; Longuet-Higgins, 1982; Longuet-Higgins & Prazdny, 541 542 J.E. SPARROW and W. W. STINE 1980; Webb & Aggarwal, 1981) . Others have minimized the role of the rigidity assumption by updating the constraint on a frame-by-frame basis, or by examining other constraints altogether, some of which yield only partial solutions to the problem (e.g., Grzywacz & Hildreth, 1987; Hildreth, Grzywacz, Adelson, & Inada, 1990; Husain, Treue, & Andersen, 1989; Koenderink & van Doom, 1986; Ullman, 1984a) .
Until recently, few studies have attempted to merge the computational and psychophysical lines of thought. Does the human visual system operate in the way suggested by the mathematical models? Ullman's (1979) theoretical claim stating that three views of four noncoplanar points in rigid motion are sufficient for deriving structure has been compared to the performance of human observers.* Petersik (1987) found that human observers "in some conditions exceeded expectations based upon constraints imposed by the structure-from-motion theorem", and "it is suggested that additional algorithms or heuristic rules might need to be considered when interpreting human recovery of structure in such displays" (p. 355). Other studies have found structure from motion algorithms to be conservative in their predictions (e.g., Braunstein, Hoffman, & Pollick, 1990; Braunstein, Hoffman, Shapiro, Andersen, & Bennett, 1987; Lappin, Doner, & Kottas, 1980; Todd, Akerstrom, Reichel & Hayes, 1988; Todd & Bressan, 1990; Todd & Norman, 1991) . Todd and others have suggested a new avenue of modelling using affine structures in an attempt to describe and predict structure-from-motion processes (see Koenderink & van Doom, 1991; Todd & Bressan, 1990; Todd & Norman, 1991) .
While most of the current research has focused on the modelling and/or perception of structures undergoing rigid translations, relatively few studies have examined nonrigid motion. , Grzywacz & Hildreth (1987) , and Koenderink & van Doom (1986) have examined nonrigid motion from a computational perspective while Braunstein, Hoffman & Pollick (1990) , Cutting (1987) , and Todd (1982 Todd ( , 1984 have looked at nonrigid motion psychophysically. Also unexplored are the characteristics associated with the perception of nonrigid structure, given a figure that could be created mathematically using a parallel projection of a rigidly rotating three-dimensional stimulus (we will call such a stimulus a rigidly rotating stimulus~'). Some threedimensional rigid objects undergoing rotation do not maintain a rigid appearance. Wallach & O'Connell *The reader should note that Ullman never claimed that his slructure from motion algorithm (specifically, the rigidity constraint) had any biological/perceptual significance. Instead, it was intended to represent a mathematical constraint to a computational problem (see Braunstein & Andersen, 1984 Ullman, 1984b Ullman, , 1986 . Since that time, the exact role of the rigidity assumption has never been fully outlined. tNotice that the image created by a two-dimensional projection of a rigidly rotating three-dimensional stimulus could also be created by either a two-dimensional or a three-dimensional deforming stimulus.
(1953) noted that a small subset of their shadow projections appeared to take on an elastic quality upon rotation. Ames (1951) found that when he inserted a rigid bar through an opening in his rotating trapezoidal window, the bar often lost its rigidity and took on a rubbery appearance. Using various combinations of line and dot stimuli undergoing vertical and horizontal rotations, Green (1961) found that perceived rigidity (which he termed "coherence") was influenced by the number of picture elements (e.g., vertices and interconnecting line segments), the degree of connectivity between the elements, and the type of rotational translation introduced into the motion of the axes. Others have found stimuli that elicit nonrigid perceptions, even though they are the projections of rigidly rotating three-dimensional objects. These stimulus categories include perspective projections of cubes (Cowie, 1987; Dosher, Sperling, & Wurst, 1986; Schwartz, 1983; Sperling, Pavel, Cohen, Landy, & Schwartz, 1983; Schwartz, 1983) , parallel projections of wire-frame stimuli (Adelson, 1985; Eggert, 1985) , stereokinetic forms (Braunstein & Andersen, 1984; Wallach, Weisz, & Adams, 1956) , single dot/line segments moving in pendular motion patterns (Ishiguchi, 1988a,b; Pomerantz, 1983) , and dot patterns moving along helical projections (Ganis, Casco, & Roncato, 1993) . Todd et al. (1988) outlined a hierarchy of conditions (which included configurational, spatial, and temporal characteristics) that were most likely to elicit ratings of rigidity. Considerable interactions occurred among the effects of the stimulus parameters on rigidity ratings.
Our interest centers on those aspects of a stimulus that control the perception of three-dimensional shape (the relative coordinates of the elements of a stimulus in three-dimensional space). We will focus on two kinds of monocular depth cues (qualities of a stimulus that control the perceived relative positions of the elements of a stimulus along the depth, or z, axis when they are viewed with one eye). Static monocular depth cues we define as those which are present in non-moving stimuli (e.g., pictorial cues; Goldstein, 1989 , pp. 229-235, or Levine & Shefner, 1991 . Dynamic monocular depth cues are those that are only present in moving stimuli (e.g., movement produced cues; Goldstein, 1989, pp. 236-237, or kinetic cues; Levine & Shefner, 1991, pp. 307-311) . Based upon the results of four experiments, we will conclude that static cues when salient in certain classes of stimuli---dominate the perception of shape when humans respond to parallel (and, most likely, polar) projections of rigidly rotating kinetic depth stimuli; otherwise, when static cues are less salient, the dynamic cues will control our perception of shape.
The first experiment measures the perceived rigidity of four classes of figures that are randomly defined within constraints. The second measures the relationship between the perception of reversals within a figure and perceived rigidity. The last two experiments develop a discrimination paradigm. After validating a model of Green's (1961) , we asked subjects to rate perceived rigidity using an ordinal rating scale (1 =rigid, 5=deforming). Stimuli consisted of eight-vertex polyhedral-like~-configurations (e.g., a cube) under four conditions: (1) line drawings where the initial orientation appears to be similar to a Necker cube (LN), but with depth components (z-axis) of the vertices randomly determined; (2) line drawings where the vertices are randomly placed along x-, y-, and z-axes (LR); (3) vertex-only drawings with the cube constraint mentioned in the first condition (VN); and (4) vertex-only drawings with randomly-placed vertices (VR). In the first experiment we attempted to measure which of these qualities was more important in producing a nonrigid appearance. Figure 1 illustrates the four stimulus categories.
Method
Subjects. Five subjects from the University of New
Hampshire participated in the experiment. Four of the subjects were males (RVqB, MJH, JES, and WWS) and one was a female (JLM). ,M1 of the subjects were in their twenties or early thirties. Only two of the subjects (JES and WWS), the authors of this paper, had prior knowledge of the experimental ,design and hypotheses. All had normal or corrected to normal vision.
Apparatus. The stimuli were generated using an F-11 microprocessor (Digital Equipment Corporation Professional 350) and displayed on a 30.5 cm diagonal amber (P134 phosphor [50msec 100% to 10% decay rate;
CIE: x = 0.552, y=0.445]) cathode ray tube (Digital Equipment Corporation model VR201-C). The monitor had a spatial resolution of 960 × 240 pixels with a refresh rate of 60 Hz. Two identical zero-disparity images were presented, one to each eye, using a standard Wheatstonetype mirror stereoscope. Head movements were minimized by a rear head re,;t. All responses were directly entered into the computer by the subjects using the unit's keyboard.
Stimuli. All the stimuli consisted of parallel projections of line or vertex drawings,, both with and without the cube start position constraint mentioned previously. The images for the Necker stimuli (LN and VN) were *Some of the descriptions of tiffs experiment are taken directly from Sparrow (1990) . lMost of the stimuli used in these experiments are not true polyhedra ("a solid bounded by plane polygons;" James & Beckenbach, 1968, p. 278) . Given that the z-axis, position for each vertex was randomly determined, it was possible for individual faces of the figures to intersect with one another. generated such that all vertices (x-and y-coordinates) fell within 43 (arbitrary) units of the origin (center of the figure) with the exception of the depth component (zcoordinate), which was allowed to vary randomly with a uniform distribution on the interval [ -75, 75] . Vertices of the randomly placed vertex stimuli (LR and VR) were chosen randomly from a uniform distribution on the interval [ -75, 75] for all three coordinates. When images were generated under the cube constraint (LN and VN), vertices were allowed to vary along only the z-axis (depth); locations along the x-and y-axes (horizontal and vertical) were held constant so that the two-dimensional projection was equivalent to a cube in its initial start position (Sparrow, 1986 (Sparrow, , 1990 . Upon rotation, the different projections in depth became apparent to the observers. All images were rendered as wire-frame figures; therefore, hidden lines were not removed (they were completely visible throughout the rotations).
Subjects viewed the stimuli from an optical distance of 74 cm. Each stimulus measured 2.5 cm wide, thereby subtending about 2 deg of visual angle. Line drawings rotated at a velocity of about 54 deg/sec (frame-rate of 8 frames/sec) while the vertex-only images moved at a slightly faster rate of about 80 deg/sec (frame-rate of 12 frames/sec). This discrepancy in the rate of presentation was due to the time needed for drawing the images in real-time; more time was needed to complete the image with line drawings to draw the eight points in the vertex condition. Studies have demonstrated, however, that rotational velocity (within the range mentioned above) contributes little to perceived rigidity (e.g., Green, 1961) . No attempt was made to equate the two types of stimuli for rotational velocity. Frame presentation was not synchronized to the raster scan of the monitor. All stimuli rotated for a total of 241 deg.
Design and procedure. Each subject viewed a set of 200 unique stimuli made up of 50 images from each of the four conditions (LN, LR, VN, VR). In addition, each stimulus was replicated in the design; therefore, a total of 400 stimuli were used in gathering the rigidity ratings. The vertex-only stimuli were geometrically equivalent to the line drawings, except that the vertices were not interconnected. Direct comparisons could be made between the line and vertex drawings. The four stimulus conditions were randomly presented to each subject.
Subjects were allowed to view the images as many times as needed in order to rate the object's rigidity. Ratings were based on an ordinal rating scale, where a rating of "1" indicated a rigid rotation, while a rating of "5" was reserved for stimuli that appeared to become elastic during the rotation and deform.
Results and discussion
Figure 2(a) shows a frequency histogram of rigidity ratings, collapsing across the five subjects. Notice that all of the stimulus classes, regardless of the configuration, tended to appear rigid (i.e., ratings of 1 and 2). Overall, the frequency distributions from the LR, VN, and VR are very similar to one another. Most of the subjects rated
The four stimulus categories examined in these studies: line drawings where the initial orientation appears to be a Necker cube (LN), even though depth components of the vertices are randomly determined; line drawings where the vertices are randomly placed (LR); vertex-only drawings with the cube constraint mentioned in the first condition (VN); and vertex-only drawings with randomly placed vertices (VR). These two figures, each rendered as line and vertex-only drawings, are the ones used in Experiment 4. Stereograms are presented for illustrative purposes only; the actual stimuli contained no binocular disparity.
these stimuli as rotating rigidly. The interesting point about the ratings can be made about the LN condition, where the configurations start out as cube-like stimuli, but change their appearance. Subjects rated a sizeable proportion of these stimuli to be perceptually nonrigid.
One can see a dramatic difference in the frequency distributions between the LN condition and the other three conditions. This difference is highlighted in Fig. 2 (b). The percentage of nonrigid ratings is the highest for LN stimuli, compared with the three remaining groups. The special combination of line drawings coupled with the cube configurational constraint is more likely to be perceived as deforming. Despite large individual differences in the overall ratings (see Green, 1961) , subjects agreed with one another on the condition that received the most nonrigid ratings. When deformations are perceived, they tend to be associated with the LN configurations.
It seems that the combination of cube drawings with line rendering is more likely to yield stimuli that appear to deform (again, all of these stimuli were rotated rigidly in three dimensions) than other combinations. When one considers that a figure from the LN condition will , oo[ 
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15. probably contain many static monocular depth cues relative to figures from the other conditions (see Fig. 1 ), these results are consistent with our impression that static cues dominate dynamic cues. The LR condition, random forms made up of 12 line segments, consistently produced rigid ratings (cf., Green, 1961) . These figures tend to appear fiat when still (much like a squashed spider), essentially devoid of static monocular depth cues. The cube-like appearance (created by the set of static cues) of the line drawings, then, is more likely to elicit nonrigid perceptions.
EXPERIMENT 2: LARGE N OBSERVATIONS* Subjects in the first experiment noticed that some of the stimuli that appeared to deform in the LN configurations were accompanied by spontaneous apparent reversals of rotational direction (not ,;urprising given the ambiguous nature of the images; e.g., Braunstein, 1976; Power & *Some of the descriptions of this experiment are taken directly from Sparrow (1990) . Day, 1973) . Indeed, many apparent deformations were reportedly associated with a specific type of depth reversal: one side of the figure would appear to rotate in one direction while the other side would appear to go in the opposite direction, producing the perception of the image "caving in" on itself. This observation is not new. Green (1961) reported that some of his line stimuli (both connected and unconnected) appeared to reverse in depth and consequently took on an elastic quality. Given that his unconnected line drawings appeared to distort more than the connected line drawings, he speculated that this difference in appearance was due to the unconnected line segments being more prone to depth reversals. Ullman (1979) also notes that, for any given object seen under parallel projection, spontaneous reversals can occur unpredictably: "...the frequency of spontaneous reversals under parallel projection cannot be predicted, as it depends on unknown parameters of the visual system and not only on the stimuli under consideration" (p. 188).
If it is true that certain types of perceived structural changes are associated with partial stimulus reversals (i.e., stimuli "caving in"), then there should be an observed relationship between assessments of rigidity and independent assessments of stimulus reversals. According to the subjects' reports, the LN stimuli, which tend to be less perceptually rigid than the other three configurations, should also be associated with a higher frequency of spontaneous reversals in the form of separate components appearing to reverse in direction (which could be perceived as "caving in" or "spilling out" if, for example, the left half of the figure appeared to rotate in a direction opposite to that of the right half, or "twisting" if the top and bottom halves appeared to rotate in opposite directions). Overall global reversals, then, in which the entire object appears to reverse in direction, should not occur as frequently in the LN configurations that appear to deform.
Both ratings of rigidity and direction of rotation were studied in the second experiment to test the "partial stimulus reversal" hypothesis.
Method
Subjects. A total of 55 undergraduates at the University of New Hampshire participated (28 for rigidity ratings; 27 for direction-of-rotation ratings). All subjects were from the introductory psychology subject pool and received extra credit for participating in experiments. None of the subjects were familiar with our hypotheses.
Apparatus. Stimuli were videotaped off of the monitor that was used in the first experiment. During the experimental sessions, the tape was played back on a 19" color television monitor, where approximately eight subjects viewed the stimuli in a given session. Subjects responded on computer-scored data sheets.
Stimuli. The computer-generated stimuli were identical to those of the first experiment except that subjects viewed only half the number of unique stimuli (i.e., 100 unique images). Twenty-five images made up each of the four conditions (LN, LR, VN, VR). Each image on the face of the television screen measured approximately 7.5 cm and was viewed from an average distance of 270 cm (actual values ranging from 175-360 cm). The stimuli, therefore, subtended about 1.6 deg of visual angle (ranging from 1.19-2.45 deg), depending on where the subject was seated. The same videotape was used in both conditions. The order of the configuration conditions was randomized for each experimental session.
Design and procedure. Subjects were seated in as many as three rows of three people each, though not all of the experimental sessions contained the maximum number of subjects. The directions for the experiment were then read and questions were answered concerning the study. In both conditions, a practice trial was given showing the rotation of a line-drawing of a cube. For the rigidity condition, this rotating cube represented a perceptually rigid motion; under the direction-of-rotation condition, the cube was used to demonstrate the frontback ambiguity inherent within such objects. All 100 stimuli were observed while they underwent four 241 deg rotations followed by a 10 sec interstimulus interval, during which ratings were recorded on the answer sheets. Every subject was exposed to all four types of stimulus configurations (LN, LR, VN, VR), observing 25 different stimuli per category. Subjects were tested in four small groups (8, 6, 7, 7 ; for a total of 28) in the rigidity condition, and three groups (12, 9, 6; for a total of 27) for the direction-of-rotation condition.
Instructions for rating rigidity. Subjects were told that all the stimuli were rotating rigidly in a mathematical sense. What the experiment was assessing, however, was the perceptual sense of rigidity. The term "deformation" was defined to represent a stimulus that changed shape by bending, stretching, distorting, or twisting "as if the object were made out of rubber." Like the first experiment, ratings were based on a five-point rating scale where 1 indicated a strongly rigid object, while a rating of 5 indicated a stimulus that appeared to strongly deform.
Instructions for rating the direction of rotation. In this condition, subjects were told to look for the direction of rotation within the presented stimuli. They were further instructed that the absolute direction of rotation was not important, but simply the proportion of direction changes seen in a given set of rotations. The five-point rating scale reserved a rating of 1 for the situation where all four of the rotations went in the same direction; a 2 if three of the presentations went in one direction and the other went in the opposite direction; a 3 if two went in one direction and two went in the other; a 4 if the stimulus appeared to change direction within a single presentation; and a 5 if, again within a single presentation, one part of the stimulus appeared to go in one direction while, at the same time, another part appeared to go in the opposite direction.
Results and discussion
Collapsing across subjects, Fig. 3(a) illustrates the rigidity-rating frequencies for all four stimulus configurations. The trends indicate that, similar to Experiment 1, LN stimuli received more ratings of nonrigidity (i.e., ratings of "4" and "5") compared with LR, VN, and VR configurations. The differences between LN stimuli and their geometrically equivalent VN counterparts were not as pronounced as found in the first experiment, although one can see that the former category produced more nonrigid percepts.
In terms of the direction-of-rotation ratings, a slightly different pattern emerges [see Fig. 3(b) ]. The vertex-only conditions (VN and VR) are very similar, judging by their frequency distributions. Moreover, the line-drawn (LN and LR) stimuli produced distributions that were very close in shape. The LN configurations did receive more ratings of "5". Recall that this rating indicates stimuli where separate components appeared to go in opposite directions within the same rotation. Figure 3 (c) plots the percentage of "5" ratings for both the rigidity-rating and reversal-rating conditions as a function of stimulus configuration. When considering this one rating category, one finds that the frequency distributions are very similar to one another. The LN stimuli, under both conditions, received the greatest number of maximum-deformation and separate-component reversal ratings. Assuming that static depth cues (which are inherently ambiguous with parallel projections of line figures) create apparent depth reversals about the frontoparallel plane (as with a Necker cube), this result suggests that static cues may be associated with a specific type of perceived reversal. Directly in line with the "partial stimulus reversal" hypothesis, then, the LN configurations appear to change in structure (i.e., deform) and parts appeared to rotate in opposite directions. This result was not true for the other three configuration categories observed in this study. Of course, common frequency distributions do not imply that the ratings of rigidity and ratings of reversals are statistically correlated with one another (i.e., common figures receive ratings of 5 for both rigidity and direction-of-rotation).
We calculated the proportions of ratings of nonrigidity (4-5) to ratings of rigidity (1-3) for each stimulus in all four of the configurational categories. Similarly, the proportions of ratings of reversals (5) to the other reversal ratings (1-4) were computed for each stimulus. If there is a systematic relationship between rigidity and reversal ratings for the LN stimuli, then there ought to be a strong association between the calculated proportions by stimulus. Within each of the configurational categories, however, the associations are weak. There is no direct relationship between the perceived rigidity and directionof-rotation for the given stimuli.
It appears that individuals find the LN stimuli to deform more often than the other stimuli, as well as contain components that appear to rotate in opposite directions. If one examines the overall categories, as mentioned previously, the general trend indicates that the LN stimuli appear to deform and reverse in direction. This second study confirms the first: LN configurations, with their combination of line segments coupled with a shape regularity constraint (i.e., static monocular depth cues), appear to deform more than the other categories of stimuli. Stimulus-by-stimulus comparisons, however, revealed no direct association between ratings of rigidity and direction-of-rotation (thereby contradicting the partial stimulus reversal hypothesis).
EXPERIMENTS 3 AND 4: SENSITIVITY TO

DEFORMATIONS*
Many studies have used subjective rating scales similar to the previous two experiments. Such dependent measures are prone to unwanted extraneous information, such as response biases, and to dramatic individual differences. What is needed is an objective technique that is criterion-free, for the most part (see Speding, Landy, Dosher, & Perkins, 1989 for one suggested objective strategy). The Theory of Signal Detection offers one such objective measure (Green & Swets, 1966) . Braunstein et al. (1987) used Signal Detection to test empirically some computational theories of extracting structure from motion. Subjects were presented with pairs of stimuli. They had to decide whether the pairs were the same or different, based on the location of the vertices of the object. Similarly, Braunstein et al. (1990) used Signal Detection to assess subjects' ability to discriminate rigid from nonrigid motion in dot patterns.
We use a Signal Detection paradigm where a stimulus with a mathematically rigid interpretation represents the noise stimulus, while a stimulus with no mathematically rigid interpretation represents the signal-plus-noise stimulus. We define a Hit as a response of "deform" to a signal-plus-noise stimulus. False alarms (FA), correct rejections (CR), and Misses were defined correspondingly.
One may experience more difficulty locating a physical deformation embedded within a stimulus (such a stimulus has no mathematically rigid interpretation) that appears to deform when it has a mathematically rigid interpretation than one that appears rigid. Since the LN stimuli were perceived as deforming more than the other categories of stimuli, it should be the case that a physical (mathematical) deformation embedded within this type of stimulus will be difficult to detect. Sensitivity to a physical deformation should be lower for LN stimuli than for the other three configurations. Of course, there is the possibility that subjects are not rating "rigidity," but some other attribute (e.g., how confusing the stimulus appears); in which case their bias to respond "rigid" should vary with the stimulus condition. The point of Signal Detection is to divorce sensitivity from bias. Given that there are several models of Signal Detection, each of which define sensitivity and bias differently, the model that is chosen for a given *Some of the descriptions of this experiment are taken directly from Sparrow (1990) .
application must be validated. To validate our model we chose two independent variables that, a priori, should influence either sensitivity (with no change in bias) or bias (with no change in sensitivity). The first, which should affect sensitivity, was the magnitude of the deformation. Subjects should be more sensitive to larger deformations. To manipulate bias (alone) we manipulated the proportion of trials within a given session that were signal-plus-noise trials. If signal-plus-noise trials are relatively more frequent within a session, then "deform" responses should be more frequent than "rigid" responses (note that subjects received feedback on every trial concerning whether or not their response was correct).
Method
Subjects. Five males (TMB, RWB, MJH, JES, and WWS) and one female (JLM) participated in the experiment. All were well practiced in similar types of tasks. JLM dropped out of the study two-thirds of the way through.
Apparatus. The experimental set-up from Experiment 1 was used in this study.
Stimuli. One stimulus from the LN condition was
selected which had the highest ratings of nonrigidity in Experiment 1. This particular figure was examined by the authors in order to determine what aspects of the object appeared to cause the perceived lack of rigidity. The motion of two separate vertices appeared to play a large role in producing the perceived deformation. The stimulus used in this experiment underwent 215 deg rotations.
To construct the signal-plus-noise stimulus, the stimulus had to be physically deformed in order to exaggerate the perceived deformation of the rigid object. This physical deformation was accomplished by varying the rate at which the two selected vertices travelled with respect to the remaining vertices. Obviously there are a number of ways in which the stimulus could be physically deformed. Varying the motion of these two vertices (relative to the remaining vertices) appeared to exaggerate the perceived deformation. A sinusoidal angular velocity profile was used for varying the motion of the selected vertices. This manipulation allowed the vertices to start in the same positions as they did in the noise-only stimulus, accelerate to a maximum angular velocity halfway through the rotation, and end in the same positions as they would have in the noise-only condition at the end of the rotation. Consequently, no extraneous structural cues were present in the static images at the start or end of the rotation. These stimuli are shown in Fig. 1 .
Design and procedure. Subjects were instructed that some of the presented stimuli would physically change shape throughout the course of rotation. Their task was to indicate whether the stimulus "deformed" or remained "rigid," entering the response on the keyboard. Feedback, in the form of an auditory tone from the keyboard, followed correct responses. The amplitude values were selected based on pilot data. Amplitude values of 0.0, 0.06, and 0.13 rc radians out of phase were selected. Note that the 0.00 amplitude was included as a control condition in order to check for variables that might have confounded the noise and signal-plus-noise trial definitions (recall that subjects received feedback and were well practiced).
Ratios of the session probability of a signal-plus-noise to the session probability of a noise trial of 1:3 (giving an expected value of 25 signal-plus-noise trials and 75 noise trials), 1:1 (expectations of 50 signal-plus-noise trials and 50 noise trials), and 3:1 (expectations of 75 signal-plusnoise trials and 25 noise trials) were used. Realized ratios were close to their expected values.
Results and discussion
For our data, we used a model of signal detection developed by Nevin and his colleagues (see Nevin, Jenkins, Whittaker, & Yarensky, 1982; Nevin & MacWilliams, 1983; Wright & Nevin, 1974) , based on the work of Luce (1963) , that has been used successfully with non-humans. Sensitivity, log (d) (corresponding to d' in the normal-distribution theory; Green & Swets, 1966) , is defined as
[" / P(Hit)P(CR)
) and bias, log (b) (corresponding to fl), as
Sensitivity is presented in Fig. 4 (amplitudes of 0.00, 0.06, and 0.13 ~t radians, respectively) and bias in Fig. 5 (trial ratios of 1:3, 1:1, and 3:1, respectively) for each subject*. Sensitivity increases with deformation amplitude for all of our subjects. With the possible exception of MJH, sensitivity is independent of trial type ratios for amplitudes of 0.00 and 0.06 rc radians (i.e., the curves are flat for each subject in Fig. 4 ). WWS and MJH show enhanced sensitivity at a trial type ratio of 3:1. For amplitudes of 0.00 and 0.06 rc radians, bias is negative (tendency to respond "rigid") with a trial type ratio of 1:3 (i.e., the probability of a rigidly rotating stimulus is three times the probability of a deforming stimulus on a given trial), essentially zero with a ratio of 1:1, and positive with a ratio of 3:1 (cf., Fig. 5 ). Trial type ratio seems to have a reduced effect on bias for amplitudes of 0.13 rc radians.
The model from Nevin and his colleagues (Nevin et al., 1982; Nevin & MacWilliams, 1983; Wright & Nevin, 1974) seems to provide a reasonable description of our data. We note that more common models (e.g., Gescheider, 1985; Green & Swets, 1966) do not fit our data (see Sparrow, 1990 ). *In the cases where subjects obtained a p(hit) or p(false alarm) = 1.00 or 0.00, values were changed to 0.99 and 0.01, respectively, in order to avoid division by zero. 
EXPERIMENT 4: FIGURE TYPE EFFECTS ON
SENSITIVITY AND BIAS*
We now want to measure the effects of figure type on sensitivity and bias. As mentioned previously, either sensitivity should fall or bias should increase (or, perhaps, both) when sub)ects view LN stimuli relative to the remaining three types (VN, LR, and VR).
Method
Subjects. Initially, three males (MJH, JES, and WWS) participated in the experiment. All three subjects were well practiced in similar types of tasks. Two more subjects, one male and one female (JEA and EAH), were tested in later sessions to confirm the results established by the initial subjects. EAH failed to complete the VR, low amplitude cell of the design.
Apparatus. The same experimental set up from Experiment 1 was used in this study.
Stimuli. Four different stimuli were observed: (1) a stimulus from the LN condition; (2) the same stimulus under the VN condition; (3) a stimulus from the LR condition; and (4) the same stimulus from (3) under the VR condition. The stimulus from the LN condition was similar to the one used in Experiment 3 (i.e., the stimulus was selected based on the maximum ratings of nonrigidity from Experiment 1). Under the VN condition, the stimulus was identical to the LN stimnlus with the exception that the vertices were not connected by lines. The LR stimulus was selected based on the maximum ratings of rigidity. In order to partially equate this stimulus to those of the LN and VN conditions, the manipulated vertices from these conditions were matched in terms of their threedimensional coordinates. After the LR vertices were matched to their LN and VN counterparts, the LR stimulus was again checked in order to ensure that the stimulus continued to appear rigid. Note that not all of the vertices were matched, but only the ones that were accelerated in the LN stimulus. Finally, the VR stimulus was structurally identical to the LR .stimulus, except that the vertices were not connected. In all other respects the stimuli were like those of Experiment 3. To minimize stimulus digitization cues, the irLitial angle of regard about the vertical axis was chosen randomly for each trial. The stimuli used in this experiment are presented in Fig. 1 .
Design and procedure.
The amplitude values were selected based on pilot data. For MJH, amplitude values of 0.0, -0.14, and -0.28 n radians out of phase were selected. For JES and WWS, 0.00, -0.09, and -0.19 n radians were found to be appropriate. Finally, for subjects JEA and EAH, values of 0.00, -0.17, -0.35, and 0.00, -0.20, -0.41 n radians, respectively, were used. The results are discussed in terms of "relative amplitude" (i.e., LOW (0.00), MEDIUM, and HIGH) so that the subjects can be directly compared with one another. Results Figure 6 shows the values of sensitivity (log (d)) as a function of stimulus configuration across the three amplitude levels for each of the five subjects. Recall that the manipulated vertices never moved out of phase with respect to the other vertices for the LOW (0.00) amplitude condition (i.e., identical stimuli were presented on the signal-plus-noise trials and the noise trials). As expected, the sensitivities in the LOW condition do not change systematically as a function of stimulus type [see Fig. 6(a) ].
With a MEDIUM amplitude of vertex displacement [ Fig. 6(b) ], many of the subjects started to differentiate between the physically rigid and nonrigid stimuli. One, two, three, and four subjects show non-zero sensitivities to the LN, VN, LR, and VR conditions, respectively. Even at this modest amplitude, LN stimuli are more likely to engender low sensitivities relative to the remaining figure types.
In the HIGH amplitude condition, subjects exhibited the lowest sensitivity for the LN stimuli [except, perhaps, MJH; cf., Fig. 6(c) ]. All of the subjects, except JEA, had the highest sensitivities in the LR condition.
It appears as though the LN stimuli presented the most difficult discrimination task, while the LR may have presented the easiest. Figure 7 (a) represents the mean performance for sensitivity across subjects. Error bars indicate the standard error of the mean for each configuration. Notice that the LN condition shows the lowest mean value of log (d) across all four figure types. Next come the VN, VR, and LR conditions, in order of average sensitivity. It is easy to see that the three amplitudes produced three distinct levels of performance within each configuration category. Figure 7 (b) presents the mean response bias across subjects (log (b)). With the possible exception of a slight negative bias (to respond "rigid") for the VN condition with a medium amplitude, there seemed to be no overall effects of stimulus type nor deformation amplitude on bias. Individual data reflected the group means.
Discussion
The shape of the figure plays a major role in these discrimination tasks. When subjects are asked to discriminate between physically deforming and physically rigid stimuli, the task becomes more difficult when perceptually deforming stimuli are examined (i.e., LN configurations) compared with perceptually rigid stimuli (i.e., VN, LR, and VR figures).
Discrimination was difficult when the stimulus being observed contained a large set of static monocular depth cues (i.e., the LN configuration). When these static cues were removed by removing the lines that interconnect the vertices (i.e., VN stimuli) or by creating randomly defined figures with poor static cues (i.e., the LR figure), or both (i.e., the VR figure) , the discrimination was enhanced. The key component seems to be the presence of static monocular depth cues.
The task, as we have conceived it, involves discrimi- nating deforming figt~res from ones that rotate rigidly. One could consider the task as an acceleration discrimination task. Remember that two vertices were accelerated (in three-space) relative to the remaining six vertices on signal-plus-noise trials. A hit would be recorded if the subject reported a deformation whenever he or she saw these two vertices accelerate relative to the remaining six. Given that (i) the same two vertices (travelling through exactly the same coordinates in three-space and, after the parallel projection, on the monitor) were either accelerated or not in all four figures (LN, VN, LR, and VR); (ii) the subjects received feedback for a correct response on every trial; and (iii) the subjects were well practiced (i.e., had achieved stable performance), it is striking that figures with static monocular depth cues depressed discriminability. Our subjects apparently could not learn to isolate specific vertices within the figure in order to compare their acceleration profiles with those of the other vertices (note that two of the subjects were the authors). The presence of static monocular depth cues would seem to force a response to the overall shape of the figure.
One has to keep in mind that only four exemplar stimuli were examined in this last study. However, recent work by Stine & McMickell (1992) indicates that the pattern of results found in this experiment holds up across different stimuli, and different vertices within the stimuli (see, also, Stine, Sparrow, McMickell, and Halleran, submitted for publication).
GENERAL DISCUSSION
From Experiment 1 we infer that stimuli that have a large set of static monocular depth cues garner higher ratings of deformation than stimuli that have relatively few static cues. Experiment 2 suggests that these ratings are not due simply to reversals of part of the figures during rotation. Finally, a stimulus that receives high deformation ratings is difficult to discriminate (defined by the measure validated in Experiment 3) from one that actually deforms (Experiment 4).
We can now explore why certain stimuli appear to deform when they are rigidly rotating. It is possible that subjects construct expectations of how the configurations will look both before and after rotation (we will call this the simple expectation hypothesis). If one is looking at a "cube-like" stimulus prior to rotation and discovers that the object deviates substantially from the expected shape (i.e., a cube) during rotation, an incongruity has occurred. With LN stimuli, the observer has the best opportunity to set up the expectation; the other categories of stimuli (including the VN condition, which is geometrically equivalent to the LN stimuli) are not as likely to contain recognizable structure and consequently are not as likely to elicit expectations. While this explanation might help account for the results of the first two studies (where the LN stimuli started as a cube), it would not account for the results of the last Signal Detection study where the LN stimuli's starting angles of view were randomly determined (they often appeared totally random in shape before rotation). Furthermore, if the simple expectation hypothesis were correct, once the observer saw the first rotation, false expectations would be corrected and further observations would lead to the veridical shape (which would appear rigid). While there was some informal evidence to suggest that the perceived deformation of a given stimulus tended to decrease over time (based on the verbal descriptions provided by several subjects), multiple exposures to the same stimuli often resulted in the same percept of deformation (Experiment 1). And, discriminability remained low for the LN stimuli despite extensive exposure to that stimulus (Experiment 4). It appears, then, that the simple expectation hypothesis finds little support from our data.
The theory that we favor states that subjects exploit static cues with some stimuli. This idea has been mentioned in previous studies (e.g., Braunstein et al., 1987; Ganis et al., 1993) and suggests that people may use such cues in deriving the structural components of moving objects (see also Todd, 1985) . The theory can be stated as the following set of axioms:
Two sets of monocular depth cues control the perceived shape (or, more specifically, the relative zaxis component of shape) of a rigidly rotating polyhedral-like stimulus (in parallel projection): static and dynamic.
Both sets of cues are ambiguous (i.e., multiple threedimensional objects, both rigid and nonrigid, could induce a given set of either static or dynamic cues).
Each set of cues is sufficient to engender a wellperceived shape. At a given moment during rotation, for example, the static cues control an unambiguous perception of shape (though, at the next moment a new, perhaps partially reversed, perceived shape might be induced by these cues).
Dynamic Rigidity: In the absence of other information, dynamic cues control perceived shape as though a rigidity principle was assumed (cf., Hildreth et al., 1990; Ullman, 1984b) .
Dynamic Subordination: In the presence of other information (more specifically for these experiments, static monocular depth cues), the perceived shape of the object, at a given moment, is controlled by the other information (the static monocular depth cues).
Global Integration: Subjects respond to the stimulus globally. They cannot respond to some elements of a stimulus in isolation from other elements of a stimulus.
We can account for our data using these axioms. When a subject views the VN or VR stimuli (vertices only), dynamic cues control perceived shape. Given the dynamic rigidity assumption and that all of these stimuli had rigid solutions, we would expect ratings heavily skewed toward "rigid" (Experiments 1 and 2) and high discriminability from a physically deforming stimulus (Experiment 4). For the LR stimuli, we have the potential for static cues though, empirically, our algorithm for generating the figures rarely created such cues (hence, when the LR stimuli were still they looked flat). So, the theory accounts for the LR data in the same way that it accounts for the VR and VN data.
However, given the results from Experiment 4, it is somewhat surprising that the LR configuration yielded the highest sensitivities for four of the five subjects [see Fig. 6(c) ]. When stationary, these objects look relatively flat (i.e., weak static cues); however, when in motion, the series of line segments passing back and forth across the frontoparallel plane might set up strong dynamic cues (stronger than what is found in simple dot patterns, such as the VN and VR configurations). Hence, under these conditions, dynamic rigidity will prevail yielding higher sensitivity values in the discrimination task. Of course, this hypothesis is formulated post hoc, and is in need of empirical verification.
The LN stimuli have many static cues. Given dynamic subordination, the perceived shape of the stimulus will be determined by the static cues. Upon a rigid rotation, the stimulus will appear rigid only if the perceived shape of the stimulus matches the original (with a reflection about the frontoparallel plane, perhaps). If there is no match, the shape will appear to change, consistent with the motion of local elements of the figure. For most of the stimuli from Experiments 1 and 2, there was a match between the shape perceived through static cues and that generated by our algorithm (most of the stimuli were rated as rigid). A reasonably large proportion of figures were rated as deforming in those experiments. One of those figures engendered a poor level of discriminability from nonrigidly rotated stimuli (Experiment 4), consistent with the global integration assumption.
One might consider this theory a complex expectation hypothesis, where perceptions controlled by the monocular depth cues create expectations for the threedimensional shape of the stimulus. The difference between the simple and complex versions is that the expected global three-dimensional shape of the figure is presumed to be recognizable in the simple hypothesis (e.g., a "cube"), while the global shape may be perceived as random, though completely defined three-dimensionally, in the complex hypothesis.
According to our theory, rigidity is used when there are few static monocular depth cues available and is not used when the stimulus contains many static cues. This theory could be criticized as unparsimonious since the rigidity assumption is hypothesized to be used with some stimuli and not others; we are hypothesizing separate processes in order to describe our responses to distinct categories of stimuli (multiple processes; see Todd, 1984) . However, consider the following argument. Humans, and other organisms, typically see things in rich settings (i.e., the visual system will usually have lots of information). It seems natural for the modal response of the organism to take advantage of (or be controlled by) that information. If the information available in a scene is restricted to the point that a "solution" is not possible, then an organism will be built to make one of two choices: either it will assume values for the missing data and calculate a solution, or it will not assume values and no solution will be forthcoming. In the first instance the organism will see something, though it might be wrong, but in the second instance the organism will go blind (it will not see anything). Clearly, the first instance enables behavior that has a higher probability of being effective than the second instance. By assuming that rigidity is a response to a dearth of information we can account for a potentially wide range of phenomena with a parsimonious theory.
The subordination hypothesis, as stated previously, might be considered a strong form. There are at least two ways in which this hypothesis could be changed. First, a weakened version might state that dynamic depth cues blend with static depth cues rather than being subordinated by static cues. A blend, of course, would suggest that the perceived shape of the LN figure at any given moment during a rotation (when both static and dynamic cues are present) differs from its perceived shape when not rotating (when just static cues are present). While we have not formally tested this hypothesis, our informal observations suggest that the effects of such a blend must be small. Second, since our experiments have only manipulated static cues in relation to dynamic cues, it is possible that dynamic cues dominate some classes of cues that we have not studied (i.e., they are not "at the bottom"). This thread ,;uggests a set of experiments where different classes of cues are pitted against one another in order to develop a hierarchy of cue dominance for shape perception (thereby generalizing subordination). Of particular interest would be the set of principles or mechanisms uncovered by these studies.
Similarly, the global integration hypothesis is stated in strong form. Contrary to speculations from Sperling et al.
(1989) that providing feedback might lead to subjects responding just to loc~d qualities of a stimulus, our experiments suggest that subjects cannot respond to acceleration profiles for elements of a stimulus without responding to the stimulus as a whole. However, global integration might only be relevant to motion (or acceleration); subjects may be able to respond to the local elements of a stimulus in other discrimination tasks. Another set of experiments is suggested where subjects discriminate one quality of a stimulus while the appearance of that quality is manipulated by varying other aspects of the stimulus.
The theory that we have developed is also in need of more elaboration. As yet, we have no models describing, for example, how shape is perceived from static monocular depth cues with these stimuli.
A recent controversy has centered around the adequacy of measures of the kinetiic depth effect. Dosher, Landy, & Sperling (1989) correctly noted the importance of including multiple mea,;ures in assessing the richness of the kinetic depth effect. By including measures of "rigidity", "coherence" and "depth", these authors demonstrated that subjects may attend to different aspects of the kinetic depth percept. Likewise, Sperling et al. (1989) described an elaborate categorization scheme where subjects examined a "global sensation of depth" (p. 836) and matched presented stimuli to one of 53 shape categories. Our interest has been to study how multiple cues engender shape perception. To this end, we have developed an objective technique that allows for the systematic study of the', individual cues and, ultimately, an assessment of the ways in which the various cues are integrated.
